Lake Bogoria, in the Rift Valley of Kenya is an extreme saline lake (conductivity 40-80 mS cm −1 , alkalinity 1500 m equ l −1 ). It is hydrologically more stable than the other, endorheic lakes in Kenya, because it is deepmaximum depth at present just over 10 m in an area of 3000 ha -and so does not have periods when it is dry. It is ecologically simple, with only one species dominating the phytoplankton -the cyanobacterium 'spirulina', Arthrospira fusiformis. Its biomass and productivity were very high -biomass between 38 and 365 µg l −1 chlorophyll 'a' and 3.4-21 × 10 3 coils ml −1 and net production between 0.24 and 1 gm C m 3 h, the latter in a narrow zone of less than a metre. There were no macro-zooplankton in the plankton and the only grazer of A. fusiformis was the lesser flamingo, Phoeniconaias minor, which occurred irregularly in very high concentrations (in excess of 1 × 10 6 ). Detritivory in the benthos was effected by a single chironomid species, Paratendipes sp., at a maximum density of 4 × 10 4 m −2 . The mean daily emergence of adult chironomids was estimated to be 1 × 10 3 m −2 , the maximum 3. There was no littoral plant community within the lake but 44 dicotyledonous and 31 monocotyledonous plant species in the drawn-down zone and adjacent to it. A diverse draw-down terrestrial invertebrate fauna, only superficially described here, processed the flamingo feathers and carcasses, with other detritus such as chironomid pupal exuviae and decaying A. fusiformis scum. About 50 bird species depended upon the chironomids, either as they emerged through the water column as flying adults or later on the shoreline as floating pupal exuvia and dead adults. The lake has high conservation value because of three bird species in particular -lesser flamingo, Cape teal and black-necked grebe. The former provides real economic value in a region otherwise impoverished, because of the spectacle of tens of thousands of flamingos set against the landscape of hot springs and fumaroles at the lake edge, which draws 15 000 visitors per annum. P. minor has experienced three periods during the past ten years when major mortalities have occurred, the last of which killed 700 birds day −1 . This could have involved as many as 200 000 birds (about 1/5th of the maximum population at this lake) if mortality was at a constant rate for the nine months it was observed. Causes of mortality have been suggested as avian tuberculosis, poisoning from cyanobacterial toxins or from heavy metal contamination at Lake Nakuru, but it is still not yet clear what contribution each makes to the problem. 
Introduction
Biodiversity is a word with a short life history, even though Henri Dumont has been a practitioner of it for his long and productive professional life. Probably first used in 1984 at a conference in Washington DC, U.S.A. (Wilcox, 1984) and several times in quick succession thereafter (Wilson, 1987 (Wilson, , 1988 , the number of times it was used in the literature accelerated through the early 1990s (Harper & Hawksworth, 1994) . Its entry into everyday English is a result of its widespread use at the 1992 Rio de Janeiro Conference on Environment & Development (popularly called the Earth Summit). This UN Conference helped to focus global attention on the rates of loss of biodiversity -extinction of species and populations -that are now considered so alarmingly high by many scientists as to threaten the life-support systems of our planet (Wilson, 2002) . At best, deterioration of these lifesupport systems will be financially crippling (Constanza et al., 1997) , at worst it will reduce the capacity of the planet to sustain humans (e.g. water resources; Vosmarty et al., 2000) .
Henri's life has been devoted to improving our knowledge of aquatic biodiversity and limnology. On the one hand he has made considerable advances in taxonomy, particularly of crustacea, and on the other hand he has advanced our understanding of aquatic ecosystems and their processes through his development of Hydrobiologia. An aquatic ecosystem promoted extensively in this journal has been the saline lake, particularly through the inclusion of the edited conference proceedings of six scientific meetings devoted to it (e.g. Melack et al., 2001) . Saline lakes present several interesting facets of aquatic biodiversity and Lake Bogoria, Kenya, illustrates these par excellence. There has been no previous publication specifically on this lake's limnology or biodiversity and it is appropriate therefore, that the first one appears in this volume.
Much of the knowledge of saline lakes in Africa has come from studies of their chemistry (e.g. Talling & Talling, 1965; Wood & Talling, 1988) , biodiversity (e.g. Jones et al., 1994) and the magnitude of their primary production (e.g. Melack & Kilham, 1974; Melack, 1981) . It is well understood that saline lakes have a limited species complement in macroorganisms in contrast to considerable biodiversity in micro-organisms (Beadle, 1981; Grant et al., 1990; Duckworth et al., 1996) and that production of the few species that dominate each trophic level is high (Vareschi, 1987) . Attention has now focussed on their temporal dynamics (Verschuren et al., 1999) , because of the fundamental scientific interest but increasingly because of the applied value in understanding human interference with their hydrological balance [e.g. Mono lake, California (Jellison et al., 2001) and Lake Nakuru, Kenya (Anon, 2003) ]. In African saline lakes, this applied value has a unique facet because these lakes have economic value to the local human population through tourism based almost entirely on one species -the lesser flamingo (Phoeniconaias minor Geoffroy).
P. minor is the major primary consumer in East African saline lakes in particular, but also in South Africa and parts of West Africa (Simmons, 2000) , filtering the planktonic cyanobacterium 'spirulina' (Ridley et al., 1955) , Arthrospira fusiformis (Voronichin) Komárek (Hindák, 1985) together with shallow littoral diatoms in lakes and a wider range of cyanobacteria and diatoms in temporary wetlands (McCullough et al., 2003) These flocks of P. minor give the term 'biodiversity value' an unusual slant, because it is elsewhere generally synonymous with species diversity. Lake Nakuru, the first protected area in Africa for birds alone (and Kenya's first Ramsar site), was primarily purchased and conserved for this one species; is the second most visited National Park in Kenya and was considered "the most fabulous bird spectacle in the world" by Roger Tory Petersen (Williams, 1967) . Lakes Bogoria and Elmenteita are the other two Kenyan saline lakes used extensively by P. minor (Owino et al., 2001 ). The former is a protected National Reserve and Ramsar site; the latter privately owned but managed sympathetically. P. minor occurs in flocks of over a million individuals at these lakes (see below) but is considered to be a 'nearthreatened' species (Hilton-Taylor, 2000) , because the numbers are only about half of those formerly recorded [1.5 million Lake Nakuru (Vareschi, 1978) , 2 million Lake Bogoria, (Brown, 1959) ] and it only has one regular breeding site in East Africa and breeds there only intermittently -Lake Natron in Tanzania. Moreover, three large mortalities of P. minor have occurred in Kenya in the previous decade; both at lakes Bogoria and Nakuru in late 1993 and late 1995, at Lake Bogoria alone in late 1999. At least 40, 20 and 80 × 10 3 birds, respectively are estimated to have died in these three incidents (by subjective media reports at the time; no scientific numbers have been published). Two decades earlier, in late 1973 several hundred birds had died at Lake Nakuru, coincident with a sharp decline in the biomass of their food (Vareschi, 1978) and avian tuberculosis was identified in postmortems (Cooper et al., 1975; Sileo et al., 1979) . The deaths during the 1990s, currently not convincingly explained, threaten P. minor's economic value through depleting tourist income, as well as its conservation status.
P. minor is a nomadic species, moving between the lakes on which it feeds at irregular intervals in unpredictable numbers. Leslie Brown, the first biologist to study flamingos objectively in the 1950s and who discovered their breeding sites (Brown & Root, 1971) wrote "Personally, I hope that no one ever will fully rationalise flamingos, and that they will remain the supremely beautiful, elusive, opportunistic, unpredictable beings I like to think they are" (Brown, 1979) . Their nomadic behaviour has probably evolved as a response to the unpredictable dynamics of their food supply in the short-term and the unpredictable status of the lakes in the long-term.
Most of the Rift Valley lakes have shown major hydrological changes on a time scale of centuries and longer, their limnology alternating between saline and fresh, from the paleolimnological evidence in sediment cores (e.g. Lake Abiyata, Ethiopia; Legesse et al., 2002; Chalié & Gasse, 2002) . Lakes Elmenteita and Nakuru were once joined, forming a single large freshwater lake (Nilsson, 1932) but are currently separate, shallow and saline. Nakuru has dried up 7 times in the past 70 years (Vareschi, 1978; Nasirwa, 2000) and Elmenteita also at least once per decade (I. Marshall, pers. comm.) . Both lakes experienced an order of magnitude change in their alkalinities over 8 years in the 1960s, between 122 and 1440 meq 1 −1 (Livingstone & Melack, 1984) . Bogoria was also once part of a larger freshwater lake, joined with the current Baringo (Nilsson, 1932) but by contrast with the other two, it is currently still moderately deep, with a maximum depth recorded as 12 m (Vareschi, 1978) . It is thus likely to be both physically and chemically more stable than the other two in drought conditions. Lakes Nakuru and Elmenteita were intensively studied during the 1970s for several consecutive years (Vareschi, 1982; Melack, 1988) . These authors recorded one longer period of stable, high photosynthesis and biomass in the early seventies and one short period of unstable, low photosynthesis and biomass in 1974. It was hypothesised then, that the changes were triggered by the rate of increase in salinity as water level declined in drought conditions (Melack, 1988) . This decrease in primary producer biomass also resulted in decreases in P. minor at these lakes (Vareschi, 1978; Tuite, 2000) . Lake Bogoria was sampled less often during this period of study in the 1970s (see below) and so the extent to which Bogoria is more stable than the two other lakes remains unclear.
The objectives of this study were to establish whether the chemical and biological parameters of Lake Bogoria are more stable than those of the two shallow lakes and what the consequences of chemical changes might be for lake ecology and biodiversity, particularly flamingo behaviour and biology.
Some preliminary measurements (not hitherto published) were recorded in the open water in the 1970s; an investigation of the microbial flora of lake water was undertaken over one year in 1988-9 and then five visits were made between February 2000 and February 2003 in which both limnology and biodiversity were investigated. This paper describes the lake's limnology and its links to the National Reserve's biodiversity, from these three periods. It forms a prelude to a longer multidisciplinary project, funded by the U.K. Darwin Initiative (http://www.darwin.gov.uk/projects.htm) which will make monthly visits from July 2003-June 2006.
Study site
The Eastern (Gregory) Rift Valley of Africa contains several dozen lakes ranging in size from Lake Turkana, 250 km long, in northern Kenya to many small (<1 km) volcanic crater lakes. All of them are endorheic in depressions on the valley floor or inside volcanic craters. Most of them, as a consequence, are saline to a greater or lesser degree (Talling & Talling, 1965) . Lake Bogoria lies in a trough, created by tilt faulting which is characteristic of this area of the Rift in northern Kenya (Fig. 1) . It is 16 km long and 1-4 km wide, on a north-south axis with three basins between two 'necks' formed by raised ground.
The rainfall pattern of this area is complicated by the topography of the Rift here, which widens in a triangular shape northwards with Bogoria close to the southern apex. Precipitation is influenced by both the Rift's escarpments and by mountain ranges rising from the widened Rift floor. The lake itself lies in a relatively low altitude (975 m), low rainfall area (mean 708 mm 1976-2001) and experiences two rainy periods associated with the Inter Tropical Convergence Zone in April-May and October-November plus an additional July-August peak attributed to a westerly air stream (Davies et al., 1985; LaVigne & Ashley, 2001) . The hydrology of the lake is complicated by the inflow from numerous hot springs along its western and south-eastern shoreline in addition to its 5 river inflows. Three of these are permanent; two small freshwater streams, fed by springs, enter in the south while one river, the Ndolaita-Loboi, which formerly flowed northwards, has been diverted for irrigation and flows in the northern end of the lake. Two seasonal rivers, with substantial deltas, enter the north and west (Fig. 2) .
The chemistry of the lake was initially studied by Jenkin (1936) , Talling & Talling (1965) , Vareschi (1978) and Melack (1981) . The latter two papers recorded that the lake had a temperature range of 24-31 • C, conductivity of 72-77 mS cm −1 , alkalinity 1500 meq 1 −1 , and pH of 10.2-10.3 in 1974. Its general alkaline state is a result of strong equatorial evaporative concentration, which leaves a sodiumand carbonate-dominated solution (Livingstone & Melack, 1984; Grant et al, 1990 ).
Methods
The lake outline was taken from the 1:50 000 maps of the Survey of Kenya, 1973, which were based on aerial photographs flown in January-February 1969. Bathymetry was measured from an inflatable dinghy during the period 16-26th August 2002 using a Lowrance X-15A chart recording echo-sounder with a 20 • transducer beam. Positions of key depth readings were located with a Garmin 12 hand-held GPS receiver, enabling contours and maximum depths to be mapped.
Water samples from 1972-78 and 2000-3 were collected in replicate from a dinghy in open water stations over the deepest point in each of the three basins; in 1988-9 from the western shore at two locations in 30 cm of water depth on 12 consecutive monthly occasions. Water samples were collected at predetermined depth intervals from Rutner bottle and either from a rubber tube and pump (from the upper half metre) or a plastic Van Dorntype messenger-closed 1.25 l sampling bottle (from 1 m and below) (2000-3). Secchi disc transparency was measured using the extinction of a 20-cm diameter black and white quartered disc. Conductivity and temperature were measured using a WTW conductivity meter with Withney electronic thermometer Viable counts of bacteria on the lake water collected in 1988-9 were made by Colony Forming Units (CFU) cultured on Horokishi medium modified by addition of 4% NaCl, for 48 h at 37 • C. Total counts were made using epifluorescence microscopy on a water sample with acridine orange stain, filtered through black Millipore filter (0.22 µ pore size). Immersion oil was placed on the filter paper and bacteria counted at 1000 × magnification on a Leitz microscope with blue epifluorescence light.
A. fusiformis was counted microscopically, a minimum of 4 times on each water sample, by mounting 1 ml of shaken sample in a plastic Sedgwick Rafter cell and then counting 20 squares at random under 40 or 100× magnification on a compound microscope. Numbers of colonies of A. fusiformis were counted and then number of coils calculated from a single determination of the mean number of coils per colony for each visit. Other phytoplankter species were searched for using a microscope at 100 and 400× magnification from a composite sample.
A fixed volume of each water sample was filtered through Whatman GFC filter paper to retain the phytoplankton. The papers were placed in the dark until all samples had been filtered for chlorophyll 'a' determination. When filtering was complete, the papers were each cut into strips and then ground in a pestle and mortar in a small quantity of 90% alkaline acetone and a pinch of sand for 5 minutes. The contents were carefully washed using more acetone into a 15 ml centrifuge tube after no green flecks could be seen, the tube made up to the mark and then centrifuged for 5 min at maximum speed on a hand-operated centrifuge. The liquid was carefully decanted into matched glass tubes and read against acetone blank in a Hach DR 2000 portable spectrophotometer at 750 and 665 nm. Phytoplankton chlorophyll 'a' pigment concentration was then determined using the approximate equation of Talling & Driver (1963) .
Primary production was measured in water collected from 15 to 25 cm, enclosed in Winkler (1972-8) or 250 ml 'Pyrex' glass reagent bottles (2003) which were suspended at the same point in the lake in pairs horizontally and pairs in light-proof containers vertically, at fixed depths for a measured time. Oxygen concentrations were measured at beginning and end by Winkler determination or YSI Model 58 Oxygen meter with pre-calibrated BOD probe immersed in the bottles and mechanically-agitated (2003) .
Benthic samples were taken from measured depth with an Ekman grab of 15 × 15 cm and the mud filtered through a 25 micron mesh sieve over the side of the boat. Invertebrates were sorted live and counted in the laboratory, then blotted with damp tissue paper and wet-weighed, before preservation in 70% alcohol.
Flowering plant species growing within the drawdown zone and within 100 m of the current lake edge were identified from Agnew & Agnew (1994) , grasses from Weiss (1989) , and sedges and rushes from Haines & Lye (1983) . Coleoptera inhabiting this zone and the riparian Acacia scrub were sampled by beating and sweeping using a standard entomologist's sweep net and by hand searching under the stones, dead wood and litter. A Heath portable moth trap in conjunction with a white suspended sheet was used for flying individuals. A series of pitfall traps was also used to sample the ground active coleoptera on vertical transects from the water's edge into the draw-down zone. Bird species were identified using 10 × 42 binoculars and the Field Guide of Stephen & Fanshawe (2002) at all times during the visits 2000-3. Lesser flamingos on the lake were counted on each visit. Two-5 observers drove along the Reserve road from the south-west corner to the north-west. The vehicle stopped at every vantage point to divide the shore up into recognisable small sections, with one or more 'flocks' of birds. Each observer then recorded the numbers by counting 100 and estimating the number of 100-bird subgroups in the flock, using binoculars (10 × 42) or telescope (20-60 × zoom) to view the eastern shore. The observers worked independently; if their numbers were <5% of each other an average of the group was taken; if it was greater the count was repeated by all. At the end of the day the numbers in the sections were summed.
In February and December 2000, and August 2001, the mortality of P. minor was calculated from daily censuses at dawn of 5, 1-km lengths along the north and western shoreline in each basin over 12 consecutive days. Dead birds were removed from the shoreline before the start of the exercise and each day as they were counted. On one day, in the middle of the counting period, in 2000, the eastern shores were walked in their entirety in order to quantify the carcasses that were there. On other dates in 2002 and 2003 mortality was estimated.
Results
The majority of the lake is deeper than 5 m ( Fig. 2 ) with shallower areas associated with deposition from the inflowing rivers in the north and west and along the neck of the lake between the central and northern basins. The deepest point was 10.2 m in the central basin. Lake surface elevation is now regularly recorded at the southern shore of the lake (W. Kimosop, pers. comm.) and this shows that lake level decline has been about 2 m, continuous for the last 3 years, which accounts for the deeper maximum published for the 1970s by Vareschi (1978) .
The main chemical parameters showed some variation between 1972 and 2003 ( Table 1 ). The largest change was in conductivity, which was half the value in 1978 and in 1988/9 that it achieved in 1974 or 2000-2003. There are no figures of lake level available for this period, but the rainfall collected at the Reserve indicate that the two periods of low conductivity corresponded to high rainfall associated with 'El Niño' events (77-79 & 88-90) . (The heavy rain commenced in April 1977; the conductivity was recorded in the first 2 months of that year). The limited range of parameters measured over this period nevertheless indicate that the lake water is well buffered against changes, with pH only changing between 0.7 units (bearing in mind each visit used different instruments) and alkalinity changing little between heavy rainfall periods (88-89) and drought periods (1974 and 2000-3) .
Replicates taken either from the north and south basins in 1988-9 or from a boat in all three basins in 2002 and 2003, resulted in low variance, indicating spatial uniformity throughout the lake. In August 1978 however, the middle of the 'El Niño' event, clear chemical stratification was recorded in the south basin only, with the upper 5 m showing 60% of the conductivity of the deeper layers (Fig. 3a) , which was not mirrored by pH differences (between 10.1 and 10.2 at all depths).
Very clear vertical stratification of oxygen was recorded on every boat sampling occasion from 1972 to 2003. In the south basin (sheltered) the oxycline always occurred between 1 and 2 m (Fig. 3b) , but in the north and central basin (more exposed to prevailing winds) it was replaced by a more gradual decline from super-saturation at the surface to anoxia below 5 m. The surface waters were always supersaturated with oxygen, up to to 300% during the daylight hours, with a daily maximum in the afternoon between 1500 and 1700 (Fig. 3c ). The temperature, by contrast, varied relatively slightly. The water below 4 m was between 23 and 25 • C on every occasion the lake was studied between 1972 and 2003. Surface water was at the same temperature morning and evening, but rose as high as 32 • C in the upper metre (Fig 3d) .
Biological characteristics indicated up to an order of magnitude variation between sampling occasions (Table 2) , with biomass of chlorophyll 'a' from 38 to 363 mg m −3 . The density of A. fusiformis and the chlorophyll biomass varied approximately fivefold between 2000 and 2003 (2.7-21 × 10 3 coils ml −1 and 38-165 mg m −3 chlorophyll 'a') with a progressive rise through the four years. The low frequency of visits may give a deceptive air of stability, because a lake-wide A. fusiformis crash occurred in October 2001 (Nasirwa, pers. obs.) , with aroma from the decay detectable several kilometres from the lakeshore (Kimosop, pers. comm.), although it is not known what the consequences were for succession or primary production, and no adverse effects of P. minor occurred. In all years studied A. fusiformis was the overwhelmingly dominant phytoplankton species. It represented over 70% of the community sampled throughout 1988-9 when the sample was collected from the shallow littoral but 100% of the true plankton community in 1972-8 and 2000-3 with no other species entering the counts. Diatoms were occasionally seen in the plankton, but were most likely vagrants from the shallow mud and hot springs inflow streams, where 34 species have recently been recorded (Escuté-Gasulla et al., 2002 ) (see also Gasse, 1996) . Other cyanobacteria were also common in the hot inflow streams.
Spatial differences in A. fusiformis density and biomass occurred between basins on any one day, of up to 2-3 times, but this was not great enough to show differences in transparency. Observations from the air and from lake-side vantage points, indicated that wind-generated slicks concentrated lines of A. fusiformis, which attracted feeding P. minor; this short-term spatial pattern will be the subject of another paper (Vareschi, Mills, pers. obs.) . Vertical differences within slicks could however be extreme; in May 1972 biomass of A. fusiformis in the top 5 cm was 20 times greater than that in the upper 25 cm.
The primary production of phytoplankton was confined to the upper metre of water surface, in all years when measured -1972, 1974 and 2003 . Net production ranged between 0.8 and 3.3 gm 0 2 h −1 , or 0.2-1 gm C h −1 .
Six strains of mainly gram-negative alkaliphilic bacteria, such as Vibrio sp., were commonly recorded in the water of Lake Bogoria during the 12 months when its microbial community was studied, 1988-9. Three of them, which occurred every month, accounted for over half the density. Overall, the mean density expressed as CFU was 3.85 × 10 5 ml −1 , two orders of magnitude lower than the total epifluorescence count of planktonic bacteria. The taxonomy of these alkaliphiles is a poorly-understood area still being investigated (W.D.Grant, pers comm.).
There were no zooplankton above the size of protozoa in the water column at any time and only a single chironomid species of zoobenthos grazer/detritivore. This species, tentatively identified as Paratendipes sp., occurred in high densities throughout the lake above the anoxic depths (Fig. 4) , with no difference between lake basins or between sampling date, 2000-2003. Maximum larval densities at 1-2 m depth were 3.9 × 10 4 m −2 (wet weight 65.3 g), with a mean for the lake under 5 m of 1.4 × 10 4 m −2 , (wet weight 20.4 g). Adult emergence appeared to be continuous; with an estimated life cycle of 2 weeks (given the adult size and lake temperature), so the maximum daily production could be 3000 adults m −2 , mean 1000 m −2 . A conservative wet weight biomass is in the order of 3 tonnes, with a daily emergence of 210 kg, for the whole lake. This sustains several thousand individual avian predators; the most numerous are swifts and swallows and the most important for biodiversity conservation are the Cape teal and black-necked grebe (see below).
The density of P. minor, major grazer of the phytoplankton in the lake Bogoria ecosystem, varied rapidly, doubling or halving during the two and a half weeks of a sampling campaign, so the interpretation of numbers over a short time scale without substantial accompanying environmental data would be misleading. Its minimum numbers were 30 000 in February 2003, its maximum 510 000 in August 2001.
The most recent and the largest mortality of this species is believed to have commenced in July 1999 (Gough, 2000) and petered out in March 2000 (W. Kimosop, pers. comm.) . The average daily mortality on the western side of the lake in late February 2000, was 28.8 + /− 5 individuals km −1 , with no evidence of either temporal (over 12 days) or spatial (between basin) differences. On the single count of south and eastern shores, only 25 flamingo carcasses, of all stages of decay, were recorded, which indicated that prevailing winds brought almost all carcasses to the western shore. Extrapolating the western shore counts to the length of shoreline exposed (west and north), gives a daily mortality for the lake of approximately 700 birds. This leads to a speculative mortality of 2 × 10 5 deceased birds for the nine months of the event, equivalent to about 20% of the late-1990s observed population (Owino et al., 2001) In December 2000-January 2001, when the number of P. minor went from 40 000 to 297 000 in 3 weeks, average mortality was measured as 9 + /− 4 birds day −1 . In August 2001, however, when between 510 000 and 325 000 birds were counted at the lake, 113.5 day −1 died. In October 2002 and February 2003, fewer birds were present -92-94 × 10 3 and 40-20 × 10 3 , respectively. Whole-lake mortality was estimated (not counted) as no higher than 10 per day, but at this low number it was difficult to distinguish between birds healthy but predated (by marabou stork, fish eagle or steppe eagle) and birds which had been close to death and were scavenged. Visual examination of the weak birds -between 20 and 50 -in a sub-population of circa 5000 on each of 12 days in February 2003, showed that less than 1 in 20 of weak birds was 'sick' (characteristic staggering and headdrooping): the remainder had visible damage to limbs (and occasionally wings) but held necks up, so were 'injured'.
In 2002 and 2003, over 50% of the population at the lake consisted of birds under 2 years old (white-grey plumage), which indicate that breeding had replaced the 2000 mortality. Breeding was still in evidence by March 2003, with an estimated 20 000 No aquatic higher plants occurred in the lake. However, a diversity of plants have colonised the draw-down zone. Twenty-three families and 27 species of herbs and low-growing shrubs were recorded close to the shore (Table 3) . Plant densities, although not necessarily species richness, were low in all areas other than around freshwater inflows. Adaptions to water stress, salt stress and removal by herbivores appeared to be more important in shaping the plant community than competitive interactions between individuals or closely related species. The high plant taxonomic diversity at family level is consistent with the wide range of habitats that are created by different substrate, salinity and water table depths and with a considerable breadth of plant adaptations to environmental stress. Selection appears restricted to the level of genus with typically only one or two species in each genus. The shoreline was rich in grass species, with 27 species. Of these, only Sporobolus spicatus and Cyperus laevigatus are true halophytes. The ratio of monocots to dicots in the ground flora was 1:1.3, which is much closer to the ratio expected in aquatic plant communities than the ratio of 1:4 more typical for terrestrial plants. Only three herbaceous species; the two lilies and the Commelina sp., are monocotyledons. The Liliiflorae are likely to have been under-represented, as bulbs and tuberous roots sometimes uncovered in dry and stony areas, had no evidence of aerial growth.
The water's edge consisted of a marginal 'drift' of flamingo feathers, remains of flamingo carcasses, bird droppings and vegetation debris, overlying rockstrewn gritty mud. This attracted high numbers of coleoptera, particularly tenebrionids, such as Gonocephalum sp., Sepidium spp. Vietomorpha spp., and Rhytinota praelonga Koch to nocturnally scavenge and shelter by day under stones. During the day the lake margin was dominated by Zophosis spp. and the predatory cicindelid (tiger beetle), Lophyra boreodilatata (Horn), commonly 'hawking' and running over the mud and bare sands. The lake edge scrub supported many cerambycids (longhorn beetles), including the large prionids, Tithoes confinis Castelnau and the ubiquitous Macrotoma palmata (Fabricius), which are primary agents in breaking down dead wood. Tiger beetles caught in light traps were Prothyma methneri methneri Horn, Cylindera rectangularis (Klug), Myriochile vicina pseudovicina (Mandl). In wetter periods Scarabaeidae dominated light trap catches, particularly rutelids and melolonthids. Elaterids (click beetles) were common, including the 6-7 cm long Tetralobus spp.
The vegetated riparian zones, which run down to the lake, contain quite mature Acacia tortilis and A. seyal, often overgrown with Salvadora persica and Capparis spp., in groves close to freshwater inflows and springs and A. mellifera in the drier areas. The Agnew & Agnew (1994) . Grasses not found in this study but recorded by Onkware (1996) The bird fauna consisted of 223 species recorded on the reserve between 2000 and 2003 and although most are not associated directly with the aquatic ecosystem, just over 50 species are directly dependent upon the lake and its associated mudflats, springs, streams, seepages and wetlands (Table 4 ). Up to another 50 terrestrial insectivorous species feed, in part, on the adult Paratendipes sp. when they settle on lakeshore scrub. Two aquatic species, are wholly also dependent upon the Paratendipes sp. and are more abundant at this lake than any other in Kenya; Cape teal Anas capensis and black-necked grebe Podiceps nigricollis. Both feed on the emerging pupae (grebe dive for them as they rise) and adults (teal dabble on the surface film collecting adults and shed pupal exuviae). The numbers of these species fluctuated considerably, but in August 2001, 2084 P. nigricollis and 663 A. capensis were counted. The families Apodidae (swifts) and Hirundinidae (swallows and martins), which have five and seven species respectively, fed extensively on emerging adults over the water. Conservative estimates, made in February 2000 and in February 2003, suggested the numbers of these two families over the lake at least matched those of P. minor on it. The lake is an important feeding station for four Palaearctic migrants, in both directions, being at the southern edge of Kenya's extensive northern arid district, particularly Hirundo rustica, Riparia riparia and Apus apus.
Discussion
The lake's chemical data suggest a more stable environment than has been recorded for the other saline, more shallow, lakes in Kenya, with no evidence for the major changes recorded in Elmenteita (Melack, 1988) and Nakuru (Vareschi, 1982) caused by drying-out. A 50% change in conductivity accompanied by little pH or alkalinity variations suggests that the measured fluctuations of an order of magnitude in A. fusiformis is more due to biological regulation rather than environmental effects, and it is close to its theoretical maximum, as has been recorded for deep crater lakes in Ethiopia such as Lake Aranguadi (Talling et al., 1973) . The monoculture of A. fusiformis in the phytoplankton, the absence of any macro-zooplankton, and a single species in the benthos, reflect the extreme saline environment. This implies instability, using the 'simple-unstable, diverse-stable' concept of ecology espoused in the 1970s. The initial data presented here however, indicates that a hydro-chemical stability confers an ecological stability on an extremely simple limnological food-web. The greatest instability in the lake was the outbreak of mortality of P. minor. Periodic large-scale die-offs have been reported for the past 40 years. Initially, these die-offs were attributed to starvation, due to sudden crashes of phytoplankton and other unknown causes (Brown, 1959) . At Lake Nakuru, during the first three months of 1974, the 75% decline in the standing crop of A. fusiformis, was followed by a subsequent massive emigration of lesser flamingos from > one million birds in January to < 10 000 by August-September (Tuite, 2000) . Amongst the approximately 10 000 birds remaining during July and August, there was unusually high mortality, 420 carcasses being collected in 19 days (Sileo et al., 1979) . In April, 51 debilitated birds (26 adults and 25 immature birds) were collected for analysis. Ten adults (38%) and nine immature birds (36%) had avian tuberculosis Mycobacterium avium Type 1 (Sileo et al., 1979) . The rest perhaps were debilitated from a combination of starvation and the effects of parasites.
There have been three notable die-offs within the past decade, in 1993, 1995, and again in 1999-2000 . The 1993 die-off, which was first noticed at Lake Bogoria and then a month later at Lake Nakuru, resulted in an estimated 18 500 deaths on the two lakes. Zimbabwe veterinarians Nancy and Richard Kock studied this die-off, which occurred at a time when the population was unusually high, water levels declining, and ambient air temperatures high (Nasirwa & Bennun, 1994; Kock et al., 1999) . They concluded that the primary cause of death was "septicemia, complicated in those affected, by mycobacteriosis", or avian tuberculosis (Kock et al., 1999) .
M. avium Type 1 was first isolated in a P. minor in Kenya at Lake Nakuru in 1970 by Koeman et al. (1972) . The African fish eagle Haliaeetus vocifer feeds largely on P. minor there (Cooper et al., 1975) and in 1972, an H. vocifer at Lake Nakuru was also found infected with the disease (Kaliner & Cooper, 1973) . , Cooper et al. (1975 had found M. avium Type 1 in two of four debilitated P. minor also collected at Lake Nakuru. The species had been shown not to be very susceptible to avian TB in captive flocks held within avian collections where avian TB was otherwise prevalent (Wood, 1975) , so it was not clear why they seemed so susceptible at Lake Nakuru, or how the disease was introduced there.
One hypothesis is that the bacterium might have been introduced to Lake Nakuru as an effect of ecological changes following the introduction of Tilapia grahami in the early 1960s and the immigration of fish eating birds such as the pelican (Cooper et al., 274 1975) . Its spread to other lakes could then have been accomplished by the flamingos themselves through their constant vagrancy. In humans, susceptibility to tuberculosis increases amongst underweight and undernourished individuals living in overcrowded conditions (Evans & Feldman, 1982; Benenson, 1990) . Ratcliffe (1946) studied data from 3000 avian postmortems performed over a 20-year period at the Philadelphia Zoological Garden and concluded that resistance of birds to tuberculosis was influenced by nutritional factors. Perhaps, the dense flocks of hungry P. minor at lakes Nakuru and Bogoria following a phytoplankton decline, provide the conditions for M. avium to become epizootic; at Bogoria the number of birds reached nearly a million just prior to each of the three mortalities (Owino et al., 2001 ). On the other hand, in some humans and laboratory animals, genetic factors have been shown to influence resistance to the disease (Evans & Feldman, 1982) . Wood (1975) suggested that similar factors might operate in flamingos, based on his observations of captive birds.
A second hypothesis to explain the mass lesser flamingo die-offs is that they are the result of toxicosis. A joint study by the World Wide Fund for Nature and Egerton University found substantial amounts of hepatoxic algae and toxic metals, particularly chromium, in Lake Nakuru that appears to have originated from industries surrounding the lake. Web-site claims were made for high levels in bird tissues although these have not yet been supported by scientific publication. A linked experimental study predicted increased metal exposure rates through increased absorption by birds as the population of A. fusiformis declined (Nelson et al., 1998) , which provided a possible explanation for the die-offs observed at Lake Nakuru. Toxicosis is not yet clearly a cause of flamingo deaths at Lake Nakuru without hard evidence, but cannot be ruled out. In Lake Bogoria however, where the 1993 dieoff was first noticed and the 1999-2000 was almost entirely confined, there is no polluting industry in its catchment.
The pathological role of algal toxins in flamingos has also been suggested as a contributing factor at Bogoria (Krienitz et al., 2003) , where toxin-secreting species were identified in hot-spring streams and in two flamingo carcasses in 2001, the period of the lower mortality-peak (see above). In greater flamingos, cyanobacterial toxins from planktonic species known to be toxin-generating -Microcystis aeruginosa and Anabaena flos-aquae -have been identified as the causative agents for a mortality of 60% of Phoenicopterus ruber chicks in Doñana National Park, southern Spain, in 2001. At Bogoria, the water of hot spring streams is potable if its salinity is substantially lower than lake water (conductivity by up to one-third lower, pers. obs. DMH). Lines of birds may be seen drinking from such streams (e.g. Fig. 1E in Krienitz et al., 2003) . However, the water represents a small proportion of the available drinking water at Bogoria and hot spring sources are primarily located along the middle of the western shore. In the north, the Sandai river brings a small permanent flow of the diverted Loboi river and in the south, two freshwater springs supply permanent streams; all three are used extensively for drinking (DMH, RBC, MMH, pers. obs.) .
In all probability there are multiple causes of the mortality. Avian tuberculosis may be endemic in the population but not lethal to individuals unless their immunity has been compromised by another factor. It is perhaps not an accident that all three mortalities in the 1990s occurred towards the end of long droughts (LaVigne & Ashley, 2001) as well as at a time when the number of birds at Bogoria peaked at close to 1 × 10 6 (Owino et al., 2001) , both factors which would have increased stress on individuals. The population in 2000 might also have been undernourished, since the quantity of A. fusiformis was low and the filtering demands of P. minor are high (Vareschi, 1978) .
